We report the observation of Electromagnetically Induced Transparency (EIT) of a mechanical field, where a superconducting artificial atom is coupled to a 1D-transmission line for surface acoustic waves. An electromagnetic microwave drive is used as the control field, rendering the superconducting transmon qubit transparent to the acoustic probe beam. The strong frequency dependence of the acoustic coupling enables EIT in a ladder configuration due to the suppressed relaxation of the upper level. Our results show that superconducting circuits can be engineered to interact with acoustic fields in parameter regimes not readily accessible to purely electromagnetic systems.
Electromagnetically induced transparency (EIT) is a quantum interference effect in a three-level medium interacting with two electromagnetic fields [1] . In contrast to the related phenomenon of Autler-Townes splitting, EIT arises due to the interference of excitation pathways in the coherent interaction of the atom(s) with the radiation field, and its signature is the appearance of a narrow transparent window inside the atomic absorption spectrum. EIT has been observed in atomic threelevel systems with either Λ or ladder-type configuration [2, 3] , and an analogue form of induced transparency has been demonstrated in optomechanical devices where light beams interact with a mechanical resonator through radiation pressure coupling [4, 5] . Due to the difficulty in engineering the requisite metastable states, EIT in a circuit quantum electrodynamics architecture [6, 7] was demonstrated only recently [8] , using the combined states of an artificial atom in the form of a superconducting qubit and a three-dimensional microwave cavity. For superconducting circuits coupled to open transmission lines, what was thought to be observations of EIT [9, 10] have been shown to in fact be the Autler-Townes splitting [11] .
Since its discovery, a range of potential applications for EIT in nonlinear optics and quantum information have been suggested, including quantum memories, routing and cross-phase modulation [12] [13] [14] . The modulation of absorption and emission cross-sections due to EIT could also have applications in the context of heat engines [15] .
Strong coupling of superconducting qubits to surface acoustic waves (SAW) has been demonstrated in both waveguide and cavity settings [16, 17] , and used to generate non-classical phonon states [18] as well as for quantum state transfer [19] . Here we exploit the strong frequency dependence of the piezoelectric coupling between a superconducting transmon circuit and SAW to control the relative decoherence rates of the transmon states, effectively enhancing the relative lifetime of the second excited state sufficiently to allow genuine EIT to occur. We show EIT in both reflection and transmission of the acoustic probe and to our knowledge this constitutes the * gustav.andersson@chalmers.se first observation of such transparency for a propagating mechanical mode. For strong dressing fields the system crosses over to the Autler-Townes regime, where routing of SAW phonons has been shown by fast switching of the control tone [20] .
The ladder-type three-level system is formed by the ground and two first excited states of a superconducting transmon circuit [21] . The transmon, which is fabricated on a GaAs substrate, couples piezoelectrically to the propagating SAW field via an Interdigitated Transducer (IDT). The IDT spans N p = 25 periods and has a double-finger structure to suppress internal mechanical reflections [22] . A SQUID loop allows for tuning of the transition frequencies. Whereas a quantum emitter in an electromagnetic transmission line couples to all modes of the propagating field, the periodic structure of the IDT restricts the coupling of the SAW-qubit interaction to a bandwidth of approximately ∆ IDT /2π = 0.9f IDT /N p [23, 24] . With an IDT center frequency f IDT of 2.26 GHz, we obtain ∆ IDT /2π ≈ 81 MHz. The transition frequency ω 10 is tuned into this band using an external magnetic flux. The IDT finger structure provides a capacitance to the transmon circuit giving rise to a charging energy of E C /h = 129 MHz. As the transmon anharmonicity, given by E C , is sufficient to ensure ∆ IDT < ω 10 − ω 12 , maximizing the SAW coupling of the first transition by setting ω 10 /2π = f IDT implies Γ 10 Γ 21 where Γ ij denotes the spontaneous emission rate from the state i to state j. The filtering provided by the IDT thus strongly suppresses the coupling of higher transmon levels to SAW.
A weak SAW probe beam is launched towards the transmon using a double-finger IDT with 150 periods, located a distance 300 µm away. The acoustic signal reflected back to the launcher IDT is measured using a microwave circulator while a control field is applied via a capacitively coupled electrical gate, as shown schematically in Fig. 1 .
The reflection coefficient of the probe beam is given by [25] 
where Ω p is the Rabi frequency given by the probe amplitude and σ − denotes the lowering operator between the |0 and |1 transmon states. For a weak probe under the application of a control field this yields in the steady state [9] 
where ∆ p = ω p − ω 10 is the probe detuning. The control field has an effective Rabi frequency Ω c and a detuning ∆ c = ω c − ω 21 . The decoherence rates γ ij correspond to decay rates of the off diagonal density matrix elements and determine the conditions for realizing EIT. A common procedure in optical EIT measurements is to sweep the probe detuning ∆ p while applying a resonant control field (∆ c = 0) [1] . The limited bandwidth of the probe IDT makes this approach impractical in our case. Instead, we adopt a reversed scheme where the frequency of the acoustic probe is fixed on resonance while sweeping the frequency and amplitude of the control field. As the control field interaction is purely electromagnetic it can be applied across a wide frequency range. Figure 2 A shows the reflected probe amplitude as a function of applied control power and frequency for a probe beam at 2.2684 GHz. As the control frequency is swept into resonance with the |1 ↔ |2 transition at f 12 = 2.15 GHz, a dip appears in the reflected amplitude. Together with an independent estimate of γ 10 , this measurement allows for extracting all parameters relevant to discerning EIT from the Autler-Townes splitting [11] . The rate γ 10 is obtained from analyzing the lineshape obtained while sweeping the transmon frequency ω 10 around the probe frequency in the absence of a control field (Ω c = 0), and found to be γ 10 /2π = 21 MHz. A resonant probe beam implies setting ∆ p = 0 in Eq. 2, which yields a negative Lorentzian with a half with at half maximum given by This linewidth is linear in the control power and limited in sharpness by the decoherence γ 20 of the upper level in the ladder. In Fig. 3 we plot the linewidth of this Lorentzian as a function of the control tone power applied at room temperature as well as linear fit. From the fit we extract a γ 20 /2π of 4.9 MHz. As the coupling of the |1 ↔ |2 transition to SAW is suppressed by more than one order of magnitude relative to |1 , this decoherence rate is not dominated by SAW emission, but rather other sources of pure dephasing. We stress that the condition γ 10 > γ 20 arises due to the frequency dependence of the acoustic coupling, and is necessary to enable EIT in ladder type systems. While the constant term of the linear fit yields γ 20 , we use the known γ 10 and the slope to extract the control field drive strength Ω c as a function of power applied at room temperature.
The presence of a transparent window in the scattering off a three-level system does not necessarily imply EIT and substantial theoretical analysis has been developed to determine whether EIT or Autler-Townes splitting occurs under given experimental conditions [11] . EIT relies on the destructive interference of two excitation paths. In the ladder case the direct |0 → |1 transition inter- feres with the path exciting to the upper level and back, |0 → |1 → |2 → |1 . Spontaneous emission or dephasing of the state |2 suppresses this interference. Using the criterion from [11] , the quantitative distinction arises from analyzing the poles of Eq. 2. If under resonant control (∆ c = 0), the poles of Eq. 2 are purely imaginary, the reflection coefficient as a function of probe frequency can be expressed as the difference of two Lorentzians centered at the same frequency. This is the condition for EIT and in our system equivalent to Ω c < γ 10 − γ 20 , which implies EIT can only be observed if γ 10 > γ 20 . The threshold for the drive amplitude that separates the EIT and AT regimes is shown as the red dashed line in Fig. 3 . If the drive strength is increased beyond this limit the reflection coefficient is given by the sum of two Lorentzians separated by the drive strength Ω c . This is the Autler-Townes splitting. As shown in Fig. 3 , the lower control powers are insufficient for Autler-Townes splitting to appear and the transparency features observed are due to the EIT. The crossover to the Autler-Townes regime appears at Ω c,t = γ 10 − γ 20 = 2π · 16.1 MHz, corresponding to a control power of -45 dBm. Figure 2 shows the dip in reflection arising from EIT at a drive amplitude of Ω c /2π = 6.1 MHz, well below Ω c,t .
We further measure the acoustic EIT in transmission, where the transmitted SAW signal is transduced by an IDT at a distance 100 µm from the transmon. In this measurement we use a different scheme where the probe frequency is fixed, and an external magnetic flux is used to tune the qubit frequency ω 10 /2π, thereby sweeping ∆ p . As the control frequency also remains fixed, this scheme will simultaneously sweep both ∆ c and ∆ p . To first order, the anharmonicity is not affected by the tuning, yielding ∆ c = ∆ p + δ, where δ is the residual control detuning at probe resonance ∆ p = 0. The case δ = 0 corresponds to perfect alignment of control and probe frequencies with the anharmonicity. With the definition t = 1 + r we get the transmission coefficient
with the subscripts removed to indicate simultaneous sweep of ∆ c and ∆ p . Figure 4 shows the normalised transmission amplitude for different drive strengths. We extract an upper level decoherence rate of γ 20 /2π = 4.5 MHz, reasonably consistent with the value obtained in reflection.
In conclusion, we have demonstrated that EIT can be generated in a mechanical mode of propagating surface acoustic waves by using an electromagnetic control signal. We show consistent data in reflection and transmission. By demonstrating quantum interference of acoustically and electromagnetically driven excitations, this experiment suggests applications in phononic quantum information architectures, where SAW phonons couple disparate quantum systems. We show that the piezoelectric coupling of superconducting qubits to short-wavelength SAW has a frequency dependence offering the possibility to engineer relaxation rates, allowing EIT to be observed in waveguide QED with superconducting circuits. This principle could be further exploited in quantum acoustic experiments [26] , for example to generate population inversion and single-atom sound lasing. EIT is further associated with slow light [27] , leading to a reduction in the group velocity as the field propagates through the EIT medium. The amount of slowdown is limited by the linewidth of the EIT window. While in our case this limit corresponds approximately to a factor of three (v g ≈ 1000 m/s), improved coherence in the second excited state would enable larger reductions of the sound velocity. Larger group delays could also be achieved by using an array of artificial atoms rather than only a single transmon.
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